Abstract. Few in situ methods can currently measure the optical properties of aerosols in the near-ultraviolet spectral region. Such measurements are necessary to determine the radiative forcing of different particle types and the subsequent effect on local photochemistry, especially in and around large urban centers. In this work, we demonstrate a system based on incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS) to measure the aerosol extinction coefficient with high sensitivity. The system was applied across an atmosphere simulation chamber and had continuous spectral coverage from 320 to 410 nm. Systems studied were ammonium sulfate aerosol and secondary organic aerosol (SOA) formed from the photolysis of 1-nitronaphthalene, an important nitro-polycyclic aromatic hydrocarbon.
INTRODUCTION
Atmospheric particles affect the radiative balance of the earth both directly, through absorption and scattering of light, and indirectly, by influencing the formation and lifetime of clouds. Although scattering is the predominant interaction of light with atmospheric aerosol, many studies have found indications that absorption by carbonaceous aerosols increases strongly at shorter wavelengths. 1, 2 These observations have stimulated recent interest in the spectral dependence of the optical properties of carbonaceous aerosol, which may be classed as "brown carbon" (or "humic-like" material) for absorbing substances with a strong wavelength dependence, or "black carbon" or "light absorbing carbon" for particulate matter that has a strong absorption with a weaker wavelength dependence. The impact of particulate matter on the near-UV (300 to 400 nm) solar flux is of particular interest as short wavelength light drives most photo-oxidation processes in the atmosphere. Observations in large urban centers have found an appreciably lower near-UV flux at ground level. 3, 4 This attenuation of short wavelength radiation is large enough to significantly alter local photochemistry, mostly notably by depressing the rates of photolysis of NO 2 (which leads to tropospheric O 3 formation) and of O 3 itself (which produces OH, the dominant atmospheric oxidant). 3, 5 Jacobson hypothesized that the lower near-UV light levels in urban areas arose from absorption of light by particulate matter and suggested that strongly absorbing and anthropogenic nitroaromatic compounds in the particle phase were probably responsible for much of this absorption. 6 Most near-UV observations of aerosol properties are column-integrated measurements from sun or sky scanning radiometers. There are few in situ instruments capable of measuring the extinction, scattering, or absorption in the near-UV. Aerosol absorption, in particular, is smaller and more difficult to quantify than scattering and only one technique -photoacoustic spectroscopy -can measure aerosol absorption directly. 7 Filter-based approaches such as aethelometers are subject to significant artifacts and have relatively poor reproducibility. 7 Aerosol absorption can also be obtained via separate measurement of the sample extinction and its scattering. Cavity ring-down spectroscopy (CRDS) is a particularly sensitive approach for measuring the extinction, although less so in the near-UV due to poorer mirror reflectivities. 8, 9 Laser-based approaches such as CRDS and photoacoustic spectroscopy have been limited to readily available wavelengths -these are mainly in the visible region, with the important exception of the Nd:YAG laser second harmonic at 355 nm. Regardless of the method, however, there are few measurements below 400 nm and these measurements are either monochromatic or integrated over narrow bands. In contrast to current practice, Andreae and Gelencsér have pointed out that single wavelength measurements may not be sufficient at short wavelengths owing to the strong spectral dependence of some carbonaceous aerosols.
Recently, our group has used incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS) to monitor trace gases and aerosols. [11] [12] [13] IBBCEAS retains much of the sensitivity of laser-based optical cavity techniques such as CRDS, but across a broad spectral region. Our aim in this work is to describe a novel IBBCEAS system for measuring the near-UV extinction coefficient of aerosols with high sensitivity. The system is notable for its short wavelength limit (ca. 320 nm) and for its continuous spectral coverage from 320 to 410 nm. The response of the instrument was characterized with ammonium sulfate aerosol, and we undertake a preliminary analysis of the extinction spectrum of secondary organic aerosol (SOA) formed following the photolysis of 1-nitronaphthalene.
EXPERIMENTAL
Experiments were carried out in a 4 m 3 atmosphere simulation chamber, where the optical cavity of the spectrometer extended across the 4 m length of the chamber ( Fig. 1 ) as described previously. 13 Briefly, light from a xenon arc lamp was filtered and focused into the optical cavity; the intensity spectrum of light transmitted through the cavity was recorded at a spectrograph (Andor 163 with DU420A-BU2 CCD). The spectral window extended from approximately 320 to 410 nm and the spectral resolution was 0.4 nm; measurements between 332 and 338 nm were excluded as the intensity was too low for reliable absorption measurements. The mean mirror reflectivity over this region was slightly better than 99%, equivalent to an optical pathlength of about 0.5 km through the sample.
The extinction coefficient, ε, of the sample in the chamber is described by:
where d is the separation between the mirrors, R is the mirror reflectivity, and I 0 and I are respectively the transmitted intensities through the chamber when "clean" (that is, after purging with purified air), and when a sample was present. Before each experiment, the mirror reflectivity spectrum was calibrated by injecting NO 2 into the chamber and quantifying the concentration using a NO x analyzer (Thermo model 42i). Particle size distributions were measured with a scanning mobility particle sizer (SMPS, TSI model 3034) every 3 min. 
RESULTS AND DISCUSSION

Ammonium Sulfate Aerosol
Ammonium sulfate (AS) aerosol was used as a model system because its complex refractive index in the near-UV is known (m=1.55 -10 -7 i). 14 In the experiment, NO 2 gas was first introduced into the chamber to calibrate the mirror reflectivity. After 25 min, AS particles of approximately 30 nm (modal diameter) were introduced into the chamber over a period of 60 min from a TSI 3076 constant output atomizer with a Norgren model 3062 drier and a neutralizer containing Kr-85. A maximum particle concentration of 71×10 3 particles cm -3 was observed after this period, with particles growing to a modal diameter of ca. 100 nm. The sample extinction included both absorption by NO 2 and scattering by AS (Fig. 2a,b) . Subtracting the gas phase absorption measured before introducing AS particles resulted in aerosol extinction spectra (Fig. 2c) that are notable for the absence of vibronic structure and the increasing extinction towards shorter wavelengths. Mie calculations of the extinction coefficient at the time of the maximum extinction (assuming spherical AS particles) are also shown in Fig. 2c . The gradual decrease with wavelength of the calculated extinction matches that from the measured spectrum, but the magnitude of the calculated extinction is 30% lower. We attribute this discrepancy to the uncertainty in calibrating the IBBCEAS system (mainly from the accuracy of the NO x measurements) and to uncertainty in the measured size distribution.
As an estimate of the precision of the retrieved aerosol extinction coefficient, we calculated the root-mean square (σ) of the residual from a linear fit to the measured spectra from 345 to 395 nm. The values of σ were 2.1, 4.4, and 11.4×10 -8 cm -1 at 64, 82, and 117 min. The lower precision at longer times arises from (i) the gradual decrease of gas phase absorption as NO 2 is lost to the chamber walls (as seen in the appearance of small spectral features) and (ii) by the more pronounced curvature of aerosol extinction. Both effects are not truly indicative of changes in the precision of the measurement; the early precision is therefore a more reliable indication of the sensitivity of the spectrometer and of the 3σ detection limit (6.6×10 -8 cm -1 9 ). It should be noted that our 4 m cavity is unusually long compared to most optical cavity instruments and that a shorter cavity would be correspondingly less sensitive. Compared to monochromatic measurements, the continuous broadband spectrum is advantageous in that gas phase absorbers and absorption can be identified and quantified without additional measurement. 
Secondary Organic Aerosol from Photolysis of 1-Nitronaphthalene
Nitro-polycyclic aromatic hydrocarbons (nitro-PAHs) are an important class of environmental pollutants, and many nitro-PAHs are carcinogenic and mutagenic. One such nitro-PAH is 1-nitronaphthalene (1-NN), which is emitted from combustion sources such as diesel exhaust and cigarette smoke and is also formed in the atmosphere following the photo-oxidation of naphthalene. Photolysis is the major degradation mechanism in the atmosphere and 1-NN is known to form SOA promptly and in high yields upon illumination. 15 1-NN and its degradation products are therefore potential contributors to the strong near-UV absorption of urban particulate matter. 6 In this experiment, 210 ppbv 1-NN was introduced into the chamber by vaporizing a known mass of 1-NN in a stream of air. Owing to its low volatility, gas phase 1-NN deposits to chamber surfaces as seen in the decreasing fractional intensity change (Fig. 3a) . After a 30 min stabilization period, the chamber lamps (with emission maxima at 310 nm and 360 nm) were turned on to initiate photolysis. Illumination of the chamber produced an immediate increase in the fractional intensity change and coincided with prompt formation of particles (Fig. 3b) . Strikingly, these particles grow large enough (ca. 150 nm) within the 3 min time resolution of the SMPS to be optically relevant. This prompt SOA formation contrasts with most SOA systems which typically have a delay between the start of gas phase oxidation chemistry and the appearance of particles.
The evolution of the chamber extinction is displayed in Fig. 3c . The spectrum at 89 min arose from the absorption of 1-NN and is (to the best of our knowledge) the first reported gas phase absorption of this semi-volatile species. Subsequent spectra are shown at three times after initiating photolysis. Continuous photolysis affected the extinction spectra by progressively removing the 1-NN absorption, and by driving the formation of aerosols and absorbing gas phase products (Fig. 3c) . The gas phase absorption of 1-NN disappeared rapidly and was replaced by an unstructured spectrum typical of aerosols. Although the extinction generally decreased with wavelength, the unexpected fall in the extinction below 330 nm is probably an artifact arising from the low intensities at these wavelengths. The mass extinction efficiency towards the end of the experiment was very large (18 m -2 g -1 at 360 nm). The aerosol extinction exponent (AEE) decreased with photolysis duration, from 3.7 at 94 min to 1.3 at 118 min. It is possible that the decreasing absorption from gas phase 1-NN contributes to this effect, but it may also indicate that photobleaching of the sample is occurring. Future work, especially when combined with simultaneous nephelometer measurements, will focus on quantifying absorption by gases and on studying the different contributions to the aerosol extinction. 
CONCLUSIONS
This work demonstrates a broadband optical cavity spectrometer for aerosol extinction measurements. The system attained shorter wavelengths than other in situ techniques but had the advantage of measuring a relatively broad spectrum with a detection limit (6.6×10 -8 cm -1 ) comparable to 355 nm CRDS systems. The system has potential to be extended to even shorter wavelengths, but measurements should be complemented by simultaneous scattering measurements to extract detailed optical properties of the aerosols.
